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Abstract. Unintentional mortality of higher trophic-level species in commercial ﬁsheries (bycatch)
represents a major conservation concern as it may inﬂuence the long-term persistence of populations. An
increasingly common strategy to mitigate bycatch of harbor porpoises (Phocoena phocoena), a small and
protected marine top predator, involves the use of pingers (acoustic alarms that emit underwater noise)
and time-area ﬁshing closures. Although these mitigation measures can reduce harbor porpoise bycatch in
gillnet ﬁsheries considerably, inference about the long-term population-level consequences is currently
lacking. We developed a spatially explicit individual-based simulation model (IBM) with the aim to evalu-
ate the effectiveness of these two bycatch mitigation measures. We quantiﬁed both the direct positive
effects (i.e., reduced bycatch) and any indirect negative effects (i.e., reduced foraging efﬁciency) on the pop-
ulation size using the inner Danish waters as a biological system. The model incorporated empirical data
on gillnet ﬁshing effort and noise avoidance behavior by free-ranging harbor porpoises exposed to
randomized high-frequency (20- to 160-kHz) pinger signals. The IBM simulations revealed a synergistic
relationship between the implementation of time-area ﬁshing closures and pinger deployment. Time-area
ﬁshing closures reduced bycatch rates substantially but not completely. In contrast, widespread pinger
deployment resulted in total mitigation of bycatch but frequent and recurrent noise avoidance behavior in
high-quality foraging habitat negatively affected individual survival and the total population size. When
both bycatch mitigation measures were implemented simultaneously, the negative impact of pinger noise-
induced sub-lethal behavioral effects on the population was largely eliminated with a positive effect on the
population size that was larger than when the mitigation measures were used independently. Our study
highlights that conservationists and policy makers need to consider and balance both the direct and
indirect effects of harbor porpoise bycatch mitigation measures before enforcing their widespread imple-
mentation. Individual-based simulation models, such as the one presented here, offer an efﬁcient and
dynamic framework to evaluate the impact of human activities on the long-term survival of marine
populations and can serve as a basis to design adaptive management strategies that satisfy both ecological
and socioeconomic demands on marine ecosystems.
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INTRODUCTION
A major concern in the successful conservation
of marine systems is ﬁsheries bycatch (Kappel
2005, Komoroske and Lewison 2015). Fisheries
bycatch is the unintentional injury or mortality
of marine species, which occurs globally in all
commercial ﬁshing operations (Hall et al. 2000,
Lewison et al. 2004a, Read et al. 2006). Marine
populations that are subject to bycatch can decline
over relatively short timescales when uninten-
tional mortality exceeds the population growth
rate (Caswell et al. 1998, D’agrosa et al. 2000).
Because life-history traits of marine vertebrates
(marine mammals, sea birds, sea turtles, sharks)
include relatively low reproductive rates and late
age at maturity, they are particularly vulnerable
to bycatch mortality (Brothers 1991, Baum et al.
2003, Dans et al. 2003, Lewison et al. 2004b).
The harbor porpoise (Phocoena phocoena) is a
small marine top predator subject to bycatch in
commercial gillnet ﬁsheries throughout its distri-
bution, the cold temperate waters of the Northern
Hemisphere (Jefferson and Curry 1994, Read
et al. 2006). The species is protected in the United
States (U.S.) through the Marine Mammal Protec-
tion Act of 1972 and in the European Union (EU)
through Annex II and IV of the Habitats Directive
of 1992. Various mitigation measures exist to miti-
gate harbor porpoise bycatch in gillnets. For
example, designated areas can be closed tem-
porarily for commercial ﬁshing activity (time-area
ﬁshing closures) or acoustic alarms (pingers) can
be attached to gillnets. Pingers typically emit
high-frequency sound pulses intended to spatially
deter porpoises and reduce the risk of entangle-
ment (Dawson et al. 2013). Arguably, the best-
known experimental and empirical case studies
addressing harbor porpoise bycatch in gillnet
ﬁsheries have been done in the Gulf of Maine
region in the United States (e.g., Kraus et al. 1997,
Murray et al. 2000). There, the implementation of
time-area ﬁshing closures and thereafter the use
of pingers on gillnets coincided with a reduction
in bycatch of harbor porpoises from ~2900 indi-
viduals/yr in 1990 to 323 individuals/yr in 1999
(Read 2013). This trend is generally considered a
conservation success story. However, it remains
unclear whether the mitigation measures were the
main cause of the reduction in harbor porpoise
bycatch or whether the trend was confounded by
effort controls in the ﬁshery industry itself (Geijer
and Read 2013). Moreover, data on changes in the
harbor porpoise population size during the study
period were scant, inhibiting conclusions about
the population-level consequences of reduced
bycatch rates and employed mitigation measures
(General Accountability Ofﬁce 2008).
Despite great experimental success in reducing
marine vertebrate bycatch with a variety of pin-
ger types (see Dawson et al. 2013 for a review),
there is growing concern that underwater noise
in general can be harmful for marine vertebrate
species (Francis and Barber 2013, Nowacek et al.
2015). This concern is especially pertinent for
harbor porpoises as it is highly susceptible to
anthropogenic disturbances (Wisniewska et al.
2016). For example, underwater noise from seis-
mic surveys and ships can disrupt the natural
behavior of harbor porpoises (Pirotta et al. 2014,
Dyndo et al. 2015), which may convey energetic
costs through reduced foraging efﬁciency (Pirotta
et al. 2014). Because harbor porpoises must feed
extensively to support their high metabolic
demands (Wisniewska et al. 2016), prolonged
declines or recurrent disruptions in energy acqui-
sition rapidly increase the risk of starvation
(Kastelein et al. 1997, Lockyer et al. 2003). Thus,
it seems plausible that where pingers are widely
deployed across seascapes, including high-
quality harbor porpoise habitat, foraging success
of individuals can be frequently undermined
with potential deleterious effects on populations.
To our knowledge, no empirical data exist that
can test this hypothesis as it requires long-term
data over large spatial scales in order to link
sub-lethal noise-induced behavioral changes of
individuals to population dynamics.
An urgent need exists to develop predictive
ecological models that can assess the impact of
human activities on the long-term survival of spe-
cies and to design strategies that can remedy any
negative impact (Sutherland et al. 2004, Crain
et al. 2008). Particularly suited for this purpose
are spatially explicit individual-based simulation
models (IBMs) as they can be parameterized to
incorporate realistic animal movement patterns
(Tang and Bennett 2010), life-history traits, indi-
vidual variation in energy budget (Sibly et al.
2013), and noise avoidance/disturbance behavior
(Nabe-Nielsen et al. 2014). Moreover, IBMs offer a
mechanistic framework to evaluate the efﬁcacy of
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conservation strategies designed to offset any neg-
ative impact of human activities on animal popu-
lations (Wood et al. 2015). Our aim was to
develop a spatially explicit IBM that can be used
to evaluate the long-term, population-level conse-
quences of mitigating harbor porpoise bycatch
with pingers and time-area ﬁshing closures. To do
so, we extended an existing IBM developed for
the harbor porpoise population in the inner Dan-
ish waters (IDW; Nabe-Nielsen et al. 2014) by
incorporating empirical data on gillnet ﬁshing
effort and pinger noise avoidance behavior of
free-ranging harbor porpoises. Harbor porpoise
bycatch in gillnets occurs regularly within the
IDW (International Council for the Exploration of
the Sea [ICES] 2015), yet pinger use is infrequent
and time-area ﬁshing closures are not yet imple-
mented in the area. As such, we aimed to evaluate
the efﬁcacy of pingers and time-area ﬁshing
closures as a harbor porpoise bycatch mitigation
strategy in the IDW by quantifying the direct and
indirect effects of both bycatch mitigation mea-
sures on the population as a whole.
MATERIALS AND METHODS
Study area
The study area (Fig. 1a) covered the IDW
including Kattegat (57°500 N, 10°800 E), Great Belt
(55°200 N, 10°580 E), Little Belt (55°230 N, 9°430 E),
and the western Baltic Sea (54°500 N, 12°500 E).
Most of the IDW has water depths of ~10–30 m,
with maximum depths of 50 m in Kattegat.
Harbor porpoises are present in all parts of the
IDW and the area hosts a distinct population
(Sveegaard et al. 2015). Porpoise abundance in the
area varies spatially between seasons (Edren et al.










































Fig. 1. Map of the study area (a) with the dashed square highlighting the extent of the inner Danish waters
(IDW) used in the individual-based simulation model and (b) spatiotemporal variation in harbor porpoise den-
sity/habitat quality within the IDWusing season-speciﬁc maximum entropy (Maxent) maps (modiﬁed and repro-
duced with permission from Edren et al. 2010).
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on small Atlantic herring (Clupea harengus L. 1758)
and a variety of Gadidae species (B€orjesson et al.
2003).
Overview of the individual-based model
Our IBM builds on the general ecological
assumption that food availability is a limiting fac-
tor of animal population growth (McNab 1980)
and on the simple decision rule that individuals
attempt to optimize their foraging behavior, and
hence to maximize Darwinian ﬁtness (Sibly and
McFarland 1976). Most processes, scheduling, and
design concepts in our IBM (Fig. 2) are identical
to the IBM presented in Nabe-Nielsen et al.
(2014). Therefore, we describe only key elements
of the IBM below with a focus on the new and
updated elements, and refer to Nabe-Nielsen
et al. (2013) for a detailed description on the ﬁne-
scale movement behavior and spatial memory of
the porpoise agents and to Nabe-Nielsen et al.
(2014) for more detailed descriptions of the energy
models, life-history parameters, and a full over-
view, design concepts, and details description
(Grimm et al. 2010).
Porpoise agents and food availability
Porpoise agents are characterized by their loca-
tion, speed and direction of movement, age,
energy level, and reproductive status. Porpoise
agents move and forage in a landscape that is
identical to the IDW (Fig. 1a) with home range
sizes and dispersal patterns that are equal to those
observed for free-ranging individuals in the area
(Nabe-Nielsen et al. 2013). The combined move-
ments of all individual porpoise agents produce
the same spatiotemporal distribution patterns in
the IDW as found by Edren et al. (2010; Fig. 1b).
All porpoise agents spend energy as they move,
but gain energy when encountering food. The
amount of food consumed by an individual agent
decreases as its energy level increases. The food is
patchily distributed throughout the landscape.
The energy level of a food patch decreases when a
porpoise agent consumes food, but afterward it
gradually replenishes. As such, the amount of food
in patches is dynamically changing (Nabe-Nielsen
et al. 2014). Pinger noise in the IBM did not inﬂu-
ence the distribution of food patches as catch
rates of most commercial target ﬁsh species (i.e.,
prey for porpoises) appear to be largely unaf-
fected by the use of pingers (Trippel et al. 1999,
Gearin et al. 2000, Culik et al. 2001, Carlstr€om
et al. 2002). Furthermore and for Atlantic herring
speciﬁcally, contrasting evidence has been found
(Kraus et al. 1997, Culik et al. 2001).
Free-ranging harbor porpoises display extre-
mely high feeding rates, which is due to their high
metabolic demand as compared to other cetacean
species (Wisniewska et al. 2016). A short period
without feeding (>3 d) can already reduce body
mass and chances of survival (Kastelein et al.
1997). As such, when the energy level of a por-
poise agent decreases for three consecutive days,
it disperses to an area with high potential food
levels (i.e., porpoise agents have a spatial mem-
ory) in an attempt to increase foraging success.
Once every day, and depending on age, age of
maturity, season, and current energy levels, a por-
poise agent may die, mate, give birth, or become
pregnant (Fig. 2). Hence, the population size in
the IBM emerges from a balance between mortal-
ity, through bycatch or natural causes such as star-
vation (Koopman et al. 2002, Thompson et al.
2007), and reproduction, both of which are inﬂu-
enced by individual energy levels. Values of
parameters inﬂuencing life-history traits/strategy
(e.g., age of maturity, gestation time) and energet-
ics (e.g., energy use in warm and/or cold waters,
energy use while lactating) of porpoise agents
were derived from published literature or empiri-
cal data and are presented in Nabe-Nielsen et al.
(2014). Porpoise agents do not learn from experi-
ences of others and interact only indirectly via
competition for food. Because the absolute popu-
lation size of harbor porpoises in the IDW is
unknown, each porpoise agent represents several
real-world porpoises and the carrying capacity
(i.e., baseline population size) in the IBM is lower
than in reality. Differences in population sizes
between model scenarios (Table 1) are therefore
measured on a relative scale (i.e., percentage
change in mean population size) instead of on an
absolute scale.
Calibration of porpoise agents’ response to
pinger noise
The IBM of Nabe-Nielsen et al. (2014) includes
a generic framework to model underwater noise
avoidance behavior of harbor porpoises. The
framework consists of four parameters: the impact
factor (unitless measure of sound strength at
the noise source), deterrence distance (parameter
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Fig. 2. Simple ﬂow diagram of the individual-based simulation model highlighting the main processes and
decisions made by all porpoise agents during each time step in a simulation. Diamond-shaped symbols indicate
decisions made by porpoise agents, and rectangles indicate calculations (see Nabe-Nielsen et al. 2014 for details).
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controlling the distance [m] at which agents
respond to noise), deterrence coefﬁcient (unitless
parameter controlling the strength of deterrence
at the source), and deterrence time (number of 30-
min time steps the deterrence effect lasts after the
noise has disappeared). The deterrence behavior
(i.e., the porpoise agents’ tendency to move away
from a noise source; Fig. 2) decreases linearly
with the distance from the sound source, and after
the noise disappears, the bias in movement away
from the sound source gradually disappears (i.e.,
residual deterrence). In general, noise avoidance
behavior has a negative effect on the energy level
of porpoise agents as any foraging activity is
interrupted and deterrence movements lead to
increased energy expenditure.
Here, we updated the generic noise avoidance
framework of Nabe-Nielsen et al. (2014) to ensure
that porpoise agents responded to pinger noise
with deterrence movements that lead to tempo-
rary declines in harbor porpoise densities in the
vicinity of active pingers as observed in nature. To
do so, we conducted a ﬁeld study in Jammerland
Bay, Denmark, using passive acoustic monitoring.
We placed a single AQUAmark100 pinger, pro-
ducing randomized broadband high-frequency
(20- to 160-kHz) signals (Aquatec Group Ltd.,
www.aquatecgroup.com), at the center of an
array of porpoise click detectors (C-PODs, www.
chelonia.co.uk). The AQUAmark100 pinger was
chosen as it is known to reduce harbor porpoise
bycatch in the Danish North Sea to 0% (Larsen
et al. 2013, Larsen and Eigaard 2014). C-PODs
were spaced at 0, 400, 800, and 1600 m from the
center (pinger location). An internal clock activated
the pinger in cycles of 23 h on (with noise) and
23 h off (without noise). Each cycle was repeated
23 times and porpoise clicks were recorded by the
C-PODS during all cycles (total of ~44 data record-
ing days). The ﬁeld data showed a reduction in the
number of porpoise clicks at distances ≤400 m
when the AQUAmark100 pinger was on (Fig. 3a).
The mean decline in number of porpoise clicks
recorded was 85.5% (range: 80.4–91.6%) and 52.1%
(47.5–57.6%) at 0 and 400 m distances (Tukey’s
honest signiﬁcant difference [HSD] test: P < 0.05)
and 30% (24.8–39.4%) and 11% (9.2–14.4%) at 800
and 1600 m distances, respectively (Tukey’s HSD:
P > 0.05; Fig. 3b).
To ensure that the porpoise densities decreased
with distance to the pingers in the same way in
the IBM as they did in the ﬁeld experiment, the
observed changes in harbor porpoise clicks
during pinger on/off cycles were used directly to
calibrate noise avoidance behavior of porpoise
agents in the IBM. To do so, we calibrated the
impact factor using pattern-oriented modeling
(POM; Grimm et al. 1996, Kramer-Schadt et al.
2007). We selected the impact factor for calibra-
tion, as this was the pinger noise parameter that
had the largest inﬂuence on model results (see
sensitivity analysis, Appendix S1: Fig. S1). We
used deterrence distance = 300 m, deterrence
coefﬁcient = 7.6, and deterrence time = 2.5 h, as
these values had yielded realistic declines in num-
ber of porpoises with distance from the sound
source in a different study (Nabe-Nielsen et al.
2014). After calibration of the impact factor, these
parameter values proved to be suitable in this
study as well. The POM was performed by build-
ing the Jammerland Bay seascape (40 9 40 km)
within the IBM. We used the same locations for
the pinger and C-PODS as in the ﬁeld study and
the same pinger on/off time cycles. All simulations
Table 1. Overview of the simulation scenarios performed in the IBM.
Scenario name Gillnet agents Bycatch rate (% per yr) Pinger noise Time-area closures
Baseline Excluded 0 Off Excluded
Bycatch contemporary Included 1.19† Off Excluded
Bycatch worst-case Included 5.02† Off Excluded
Pinger use only Included 0‡ On Excluded
Time-area closures and bycatch contemporary Included 0.84§ Off Included
Time-area closures and bycatch worst-case Included 3.70§ Off Included
Pinger use and time-area closures Included 0‡ On Included
Notes: Each scenario (40 simulation years) was replicated 10 times. IBM, individual-based simulation model.
† Bycatch rate was calibrated (Appendix S4: Fig. S1).
‡ Bycatch rate was set to 0% per yr based on the available literature for the AQUAmark100 pinger (Larsen and Eigaard 2014).
§ Bycatch rate was calculated based on model output.
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in the POM procedure covered two simulation
years and were replicated 100 times. The data col-
lected in the ﬁrst simulation year were discarded
to allow for a stable population size to emerge
(burn-in period). We recorded and used the num-
ber of porpoise agents present in the different dis-
tance classes from the pinger for each simulation
as a proxy for porpoise clicks given that porpoise
click frequency is strongly correlated with porpoise
density (Kyhn et al. 2012). We ran a series of simu-
lations with a range of values for the impact factor
with the aim to ﬁnd the value that correctly repro-
duced the results of the ﬁeld study with the
AQUAmark100 pinger. The results of the POM
procedure (Appendix S2: Fig. S1) revealed that an
impact factor of 3 resulted in the same relative
reduction in porpoise density at different distances
from active pingers as observed in the ﬁeld (Fig. 3).
Habituation to pinger noise is currently not
included in the IBM as ﬁeld studies thus far (in-
cluding our own experiment at Jammerland Bay as
described above) have not provided evidence that
porpoises habituate to the broadband randomized
signals emitted by the AQUAmark100 (Kindt-
Larsen 2015), although habituation may occur with
signals emitted by other pinger types (Cox et al.
2004, Kyhn et al. 2015).
Gillnet agents
Gillnet agents are characterized by their loca-
tion (Universal Transverse Mercator coordinates),
soak time (start/end time in hours), bycatch
probability value, and pinger noise level (i.e.,
impact factor of 3 as calibrated in the previous
section). When a porpoise agent enters a cell
(400 9 400 m; the resolution of the IBM seas-
cape) occupied by a gillnet agent and without
pinger noise, it has a certain probability of dying
as a result of bycatch (details on how this was cal-
ibrated are described below). If n gillnet agents
are present in a cell, the bycatch probability calcu-
lation is repeated n times. As such, gillnet agents
have a negative effect on the population size
through direct mortality. When a gillnet agent is
Fig. 3. Results of a ﬁeld experiment in Jammerland Bay, Denmark, testing the effect of the AQUAmark100 pin-
ger on harbor porpoise echolocation activity. Panels show the absolute (a) and proportional (b) change in mean
daily number of porpoise clicks recorded during pinger on/off cycles as a function of distance from the pinger.
NS indicates no signiﬁcant difference in clicks between pingers on and off cycles.
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Fig. 4. Spatiotemporal variation in relative bycatch risk of harbor porpoises in the inner Danish Waters
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ﬁtted with a pinger, it emits noise and the proba-
bility of bycatch is 0% as the available empirical
evidence for the AQUAmark100 pinger suggests
(sensu; Larsen et al. 2013, Larsen and Eigaard
2014). The spacing between pingers on gillnets
agents is 400 m, which is slightly below the maxi-
mum pinger spacing distance of 455 m set by the
Danish Fisheries Directorate in 2007 (see Larsen
et al. 2013). In few cases (<1%), multiple pingers
occurred in the same 400 9 400 m cell, as two or
more vessels deployed gillnets in the same area at
the same time.
To determine the number, length, location, and
soak time of gillnet agents in the IBM seascape as
realistically as possible, we collated data on gillnet
ﬁshing activity within the IDW by Danish and
Swedish vessels (based on Vessel Monitoring Sys-
tem [VMS] data, Global Positioning System data,
and logbook information; see Appendix S3). Ger-
man vessels were not considered due to conﬁden-
tiality concerns with the German VMS data. We
included all ﬁshing locations of large (≥12 m) gill-
net vessels (six Danish vessels and three Swedish
vessels) and small (<12 m) Swedish gillnet vessels
(n = 16) known to operate in the IDW during
2014 (Appendix S3: Fig. S1). Data on ﬁshing activ-
ity of small Danish gillnet vessels are not system-
atically recorded so we relied on ﬁshing activity
data provided by 10 small Danish gillnet vessels
as part of a marine mammal bycatch monitoring
project in the IDW (Olesen et al. 2015). These 10
vessels comprise approximately 21% of the total
cod quota landed by small Danish gillnet vessels
in the IDW (The Danish AgriFish Agency and
Ministry of Environment and Food 2015). A more
detailed description of the processing of gillnet
ﬁshing activity data is provided in Appendix S3.
The current annual bycatch rate of harbor
porpoises in the IDW is estimated to be within
0.61–1.22% (ICES 2015). To reproduce this level of
bycatch in IBM simulations, we assigned a bycatch
probability value of 0.0011 to each gillnet agent
(Video S1). This value was selected based on a cali-
bration process in which we tested a range of
bycatch probability values using 25 simulation
runs of 10 yr for each tested value. The selected
value of 0.0011 produced a mean population-level
bycatch rate of 1.19% per yr (Appendix S4: Fig. S1).
Besides the upper ICES bycatch rate estimate, we
also considered a bycatch probability value of
0.0046 for each gillnet agent. This value produced
a mean annual population-level bycatch rate of
5.02% per yr (Appendix S4: Fig. S1). We considered
this bycatch level a worst-case scenario as higher
bycatch rates lead to unstable population sizes or
extirpation (sensu: Nabe-Nielsen et al. 2014).
Time-area fishing closures
Time-area ﬁshing closures are most effective
when implemented in areas and periods with the
highest bycatch risk (Murray et al. 2000). Harbor
porpoise bycatch risk in the Danish part of the
North Sea is known to increase with harbor
porpoise density and gillnet ﬁshing effort
(Kindt-Larsen et al. 2016). As such, we calculated
bycatch risk in the IDW based on the seasonal
harbor porpoise density maps (Fig. 1b) and the
ﬁshing effort data used to create gillnet agents
(see Gillnet agents and Appendix S3: Fig. S1). To
do so, we placed a grid consisting of 3 9 3 km
cells over the study area and calculated for each
season and cell the mean porpoise density value
(value between 0 and 1, see Fig. 1b). Fishing
effort was also calculated for each season and cell
by aggregating the number of ﬁshing locations
weighted by their soak time. We scaled ﬁshing
effort to lie within 0 and 1 as for the density val-
ues. Bycatch risk was then estimated seasonally
by taking the sum of both the ﬁshing effort and
harbor porpoise density in each cell (value
between 0 and 2; Fig. 4).
Based on the harbor porpoise bycatch risk
maps (Fig. 4), we selected two distinct areas
(both 1500 km2) in which we banned all gillnet
ﬁshing activity during both summer (June–
August) and autumn (September–November).
The time period of the closures was based on
energy intake of lactating females, which is
calculated by taking the sum of the mean harbor porpoise density value (Fig. 1b) and the scaled ﬁshing effort
value (see Appendix S3: Fig. S1 and text for details) in each 3 9 3 km cell. The black outlines in the summer and
autumn panels indicate the two time-area ﬁshing closures used in the individual-based simulation model simula-
tions (Table 1).
(Fig. 4. Continued)
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highest during summer and autumn (Lockyer
et al. 2003). Although the size of the time-area
closures was arbitrary, they were sufﬁciently
large to include most sites (cells) with the highest
bycatch risk, which is necessary to ensure ﬁshing
closures are effective (Murray et al. 2000). All
known ﬁshing locations within the time-area clo-
sures were relocated to the nearest known ﬁsh-
ing ground in the vicinity of the closures. As
such, time-area ﬁshing closures did not lead to a
reduction in ﬁshing effort but instead ﬁshing
effort was redistributed over space and time,
with the greatest increase in effort in the sur-
roundings of the time-area closures.
Simulation scenarios
Once all parameter values were calibrated, gill-
net agents were created, and time-area ﬁshing
closures were selected, we were able to run a
variety of scenarios in the IBM to evaluate the
population-level consequences of mitigating har-
bor porpoise bycatch with pingers and time-area
ﬁshing closures (Table 1). We ran a total of seven
IBM scenarios (10 simulation repetitions of 40 yr
for each scenario) with different bycatch rates
(contemporary or worst-case), pinger use (on or
off), and time-area ﬁshing closures (included or
excluded). The baseline scenario did not include
gillnet agents and pinger noise, thus providing
simulation data on the porpoise agent popula-
tion size in the absence of any human distur-
bance (Table 1).
The population size and dynamics in the base-
line scenario stabilized within the ﬁrst 10 simula-
tion years. We therefore computed the mean
(standard deviation: SD) annual population size
over simulation years 11–40 for each scenario.
Because the population size in the IBM is on a rel-
ative scale, we calculated the percentage change
in mean annual population size among simulation
scenarios. Spatiotemporal variation in bycatch of
porpoise agents was calculated and visualized
with the same grid of 3 9 3 km cells used to iden-
tify the time-area ﬁshing closures. For each cell,
we calculated the sum of the number of porpoise
agents bycaught over simulation years 11–40.
RESULTS
The baseline scenario without bycatch, pin-
gers, and time-area ﬁshing closures (Table 1) had
a simulated population size of 246  11.9
(mean  SD) individuals/yr (Fig. 5a). The con-
temporary bycatch scenario, with an annual
bycatch rate of 1.19%  0.18% (Table 1, Fig. 5b),
had a population size of 230  11.1 individuals/
yr (Fig. 5a), corresponding to a 6.5% decline in
population size compared to the baseline sce-
nario. When considering an annual bycatch rate
of 5.02%  0.55% (our worst-case bycatch sce-
nario; Table 1, Fig. 5b), the mean annual popula-
tion size was 178  7.83 individuals/yr (Fig. 5a),
corresponding to a 28% decline in population
size compared to the baseline scenario. Bycatch
of porpoise agents varied spatially and between
seasons and was consistently highest in areas
with the highest bycatch risk (Fig. 4 and
Appendix S5: Figs. S1, S2 for the contemporary
and worst-case bycatch scenarios, respectively).
The pinger use-only scenario with an annual
bycatch rate of 0% had a mean population size
of 195  9.53 individuals/yr (Fig. 5a). This was
15.2% lower than in the contemporary bycatch
scenario but 8.7% higher than in the worst-case
bycatch scenario.
When implementing time-area ﬁshing closures
into the contemporary bycatch scenario, the
mean population size was 237  10.85 individu-
als/yr (Fig. 5a), which was 2.9% higher than in
the contemporary bycatch scenario and 3.6%
lower than in the baseline scenario. Even though
ﬁshing effort in the landscape remained constant,
implementing time-area ﬁshing closures in this
scenario reduced the mean annual bycatch rate
from 1.19%  0.18% to 0.84%  0.18% (Table 1,
Fig. 5b). However, the redistribution of ﬁshing
effort over space during summer and autumn
(when time-area closures were implemented) led
to an increase in the absolute number of porpoise
agents’ bycaught in the vicinity of the time-area
closures (Appendix S5: Fig. S3). Implementing
time-area ﬁshing closures into the worst-case
bycatch scenario reduced the annual bycatch rate
from 5.02%  0.55% to 3.7%  0.36% (Table 1,
Fig. 5b) and increased the absolute number of
porpoise agents’ bycaught in the vicinity of the
time-area closures (Fig. 6). This scenario had a
mean population size of 200  8.83 individuals/
yr (Fig. 5a), which was 11.0% higher than in the
worst-case bycatch scenario without time-area
closures and 18.6% lower than in the baseline
scenario.
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Time-area closures and bycatch worst-case






















Fig. 5. Output of the individual-based simulation model simulations (Table 1) showing (a) the daily popula-
tion size (N porpoise agents) for all seven simulation scenarios and (b) the annual bycatch rate for the four simu-
lation scenarios with bycatch and time-area ﬁshing closures included. The mean  1 standard deviation
population size provided at the end of each line was calculated based on daily population sizes in simulation
years 11–40 to exclude a 10-yr burn-in period in which the size of the population stabilized.
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Fig. 6. Spatiotemporal variation in bycatch of porpoise agents in the simulation scenario: “time-area closures
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The scenario with pingers and time-area ﬁsh-
ing closures implemented in parallel had a mean
population size of 244  11.46 individuals/yr
(Fig. 5a). This was 0.8% lower than in the base-
line scenario and always higher than the popula-
tion size in scenarios that considered pingers or
time-area closures independently (Fig. 5a).
DISCUSSION
Reducing bycatch mortality of higher trophic-
level species is an important goal in marine
conservation as their abundance can impact entire
food webs (Estes et al. 2011). We developed a
predictive modeling tool that can assess the
population-level consequences of harbor porpoise
bycatch mitigation using time-area ﬁshing clo-
sures and pingers that emit randomized high-
frequency signals. Our study showed that the
joint implementation of time-area ﬁshing closures
and pingers produced a population size that
exceeded those in model scenarios where bycatch
mitigation measures were used independently.
Empirical studies from the Gulf of Maine have
also shown that bycatch of harbor porpoises was
most effectively reduced once time-area closures
and pingers were both enforced (Read 2013). Our
simulation study, however, builds on this know-
ledge by quantifying both the direct and indirect
effects on the population as a whole, which
revealed a strong synergistic relationship between
these bycatch mitigation measures.
A novel insight derived from our study is that
widespread deployment of pingers can have
important indirect population-level consequences
that challenge its usefulness as an independent
bycatch mitigation measure. Even though pinger
deployment eliminated bycatch completely in our
simulations, the annual population size was sub-
stantially lower when pingers were used as the
sole mitigation measure than in the contemporary
bycatch scenario without pinger noise present
(present-day situation). We only observed a net
beneﬁt of pinger deployment in terms of increased
annual population size when implementing
pingers under a hypothetical bycatch rate of ~5%
per yr (our worst-case scenario). These ﬁndings
support our hypothesis that when pingers are
widely deployed in high-quality porpoise habitat,
frequent and recurrent deterrence behavior can
negatively impact foraging success with adverse
effects on individual survival and ultimately
population size. To offset the negative impact of
pinger noise-induced sub-lethal behavioral effects
on the population and mitigate bycatch success-
fully, it seems critical to implement pingers and
time-area ﬁshing closures concomitantly. Key to
this process is that time-area ﬁshing closures are
placed in high-quality porpoise habitat with the
greatest bycatch risk (Murray et al. 2000, Kindt-
Larsen et al. 2016), and ﬁshing activity is excluded
during periods of increased energetic demand/
stress (e.g., when females are lactating as in this
study). Doing so will create pinger- and bycatch-
free refuge areas in which foraging behavior of
individuals is uninterrupted and indirect negative
effects of pinger noise on the population are
largely compensated.
Our results have important implications for the
development of bycatch mitigation policy and
more broadly for marine conservation strategies.
Because of the protected status of several marine
mammals, including the harbor porpoise, in both
EU and U.S. waters, eliminating bycatch is often
the ultimate goal. Most bycatch mitigation poli-
cies operate on the assumption that reducing
bycatch through pinger deployment and/or time-
area ﬁshing closures must have a positive effect
on the population. Our simulations demonstrate
that this holds true for time-area ﬁshing closures
but not for pingers and that the overall success of
harbor porpoise bycatch mitigation hinges on the
combined implementation of both measures. Past
experiences from the Gulf of Maine, however,
show that these mitigation measures are expen-
sive to implement and often unpopular with
ﬁshermen, which can reduce compliance with reg-
ulations (Orphanides and Palka 2013, Bisack and
Das 2015). Reduced compliance and enforcement
of bycatch regulations, especially with pinger
and bycatch worst-case.” Each 3 9 3 km cell shows the sum of the number of porpoise agents bycaught over
simulation years 11–40. The black outlines in the summer and autumn panels indicate the two time-area ﬁshing
closures.
(Fig. 6. Continued)
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deployment, is likely to revive bycatch levels over
time. Moreover, the potential for a double-edged
sword effect of pinger noise on the population as
shown here suggests that widespread pinger
deployment may interfere with (inter)national
conservation strategies. For example, the EU
Habitats Directive (1992) prohibits deliberate dis-
turbance of individuals. As such, the use of under-
water noise through pingers as a large-scale
conservation strategy seems inappropriate as it
will contribute to a further increase in underwater
noise levels (Slabbekoorn et al. 2010) and distur-
bance of marine populations (Francis and Barber
2013, Nowacek et al. 2015).
Our spatially explicit, behavior-based simulation
model represents natural processes and is con-
structed based on empirical data. Such IBMs are
considered key support tools for conservation and
environmental decision-making (Wood et al.
2015). Nevertheless, they remain simpliﬁcations of
reality and assumptions are frequently made when
empirical data are lacking. In our IBM, for exam-
ple, deterrence behavior of porpoise agents to pin-
ger noise was calibrated based on passive acoustic
monitoring data collected in one small-scale ﬁeld
experiment using one type of pinger (Fig. 3). We
focused our efforts on one pinger type (AQUA-
mark100) as it is already enforced in the Danish
part of the North Sea (Larsen and Eigaard 2014)
and thus a likely candidate to be used in other
Danish waters in the future. Nonetheless, one ﬁeld
experiment may not capture the full range of
deterrence behavior of harbor porpoises to pinger
noise. Moreover, increasing evidence suggests that
the behavioral response of marine vertebrates to
underwater noise is inﬂuenced by multiple envi-
ronmental (e.g., bathymetry, conspeciﬁc and prey
density, season) and intrinsic (e.g., age, energetic
and reproductive status) conditions (Ellison et al.
2012). Thus, developing and incorporating a spa-
tially dynamic noise avoidance mechanism, where
individual agents respond to various types of pin-
ger noise as a function of their internal state and
the conditions at a site, would be a valuable
improvement of the simulation model.
The number of gillnet ﬁshing locations used in
the IBM was incomplete and, moreover, ﬁshing
effort (i.e., the location, number, and soak time of
gillnets) was assumed to be constant across years.
Using a calibration process, we accounted for
missed ﬁshing locations to produce the correct
contemporary annual bycatch rate within the
study area. However, incomplete data on ﬁshing
effort do bias the calculation of spatiotemporal
variation in bycatch risk (Fig. 4) and subsequently
the identiﬁcation of time-area ﬁshing closures. As
such, the ﬁshing closures selected in our study
should not be considered a quantitative manage-
ment suggestion. Instead, we argue that data
collection on gillnet ﬁshing effort needs to be inten-
siﬁed and streamlined internationally. For exam-
ple, all Swedish gillnet vessels are obliged to report
data on ﬁshing locations, soak time, and the num-
ber of nets deployed. The same holds true for Dan-
ish and German vessels, but only for those >12 m
in size. A more complete overview of spatiotempo-
ral variation in gillnet ﬁshing effort is essential for
the identiﬁcation of time-area ﬁshing closures with
the greatest positive impact on bycatch mitigation
and the conservation of the harbor porpoise popu-
lation. Moreover, continuous monitoring of gillnet
ﬁshing effort over space and time would facilitate
the process of adaptive management through, for
example, the implementation of smart pinger
designs or mobile closures. Selecting temporary
spatial closures based on expected bycatch risk
have been shown an effective strategy to reduce
marine vertebrate bycatch in longline ﬁsheries
while at the same time minimizing the economic
impact on the ﬁshery industry (Grantham et al.
2008). An important extension of our IBM
would be to incorporate the economic implications
(cost-effectiveness) of various bycatch mitigation
measures. This requires close collaboration and
consensus among stakeholders involved (e.g., sci-
entist, the gillnet ﬁshing industry, conservationist,
policy makers/enforcers), which is essential to min-
imize the ecological and economic risks of imple-
menting inadequate bycatch mitigation strategies
(Kirby andWard 2014).
Successful mitigation of marine vertebrate
bycatch and management of marine systems as a
whole require clear conservation goals, engage-
ment of stakeholders, sound policy, and enforce-
ment. Individual-based simulation models, such
as the one presented here, offer a mechanistic
modeling approach that can be used to evaluate
the impact of human activities at sea on the long-
term survival of marine populations that is not
always possible using short-term empirical stud-
ies. Importantly, scientist and stakeholders can
continuously extend IBMs as new data become
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available, enabling the development of adaptive
management practices and conservation strategies
that balance ecological as well as socioeconomic
demands on marine ecosystems successfully.
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